Introduction
Radar absorbing material (RAM) belongs to a class of materials used in stealth technology to disguise a vehicle or structure from radar detection. Material absorbency at a given frequency of radar wave depends on its composition. Although RAM cannot perfectly absorb radar at any frequencies, any given composition does have a greater absorbency at some frequencies than others. RAMs reduce the energy reflected back to the radar by means of absorption. Radar energy can be absorbed through one or several mechanisms, which may involve the dielectric or magnetic properties of the materials. The loss is actually due to the conversion of frequency energy into heat, and although most absorbers do not dissipate enough energy to become even detectably warm when illuminated by radar, this is, nevertheless, the mechanism by which they operate. For the purpose of preparing a low-reflecting absorber in the desired frequency range, two fundamental conditions must be satisfied [1] ; first, the incident wave must enter the absorber by the greatest extent (impedance matching characteristic), and secondly, the electromagnetic wave entering the materials must be almost entirely attenuated and absorbed within the finite thickness of the absorber (attenuation characteristic). Conventional spinel-type ferrites do not function well in the GHz range due to the drop in the complex permeability μ r as given by Snoek's limit [2] . Barium hexaferrite, on the other hand, has a high saturation of magnetization, high Curie temperature, high resistance, and it is chemically stable, leading to low-cost and easy application. Unfortunately, its strong uniaxial isotropy leads to low permeability and too high resonant frequency f 0 = 42.5 GHz [3] . A good microwave absorption material possesses low reflection loss, wide absorption bandwidth and low matching thickness. However, in reality, there Abstract M-type barium ferrite with Mg-Ti substitution and MWCNT addition was synthesized using high-energy ball milling. The prepared sample was further analyzed using X-ray diffraction, field emission scanning electron microscope (FESEM), vibrating sample magnetometer and vector network analyzer. The results showed that the particle size had a wide range of distribution, and a hexagonal structure was formed in the sample. The sample was observed to have lower saturation magnetization and coercivity after Mg-Ti was substituted with MWCNT and added into the barium hexaferrite. Reflection loss was studied as a function of frequency and thickness of the sample. For Mg-Ti substituted barium hexaferrite composite with a thickness of 2.0 mm, the reflection loss peaked at −28.83 dB at a frequency of 15.57 GHz with a bandwidth of 6.43 GHz at a loss of less than −10 dB. The microwave absorption primarily resulted from magnetic losses caused by magnetization relaxation, domain wall resonance, and natural resonance. FESEM micrograph demonstrated that carbon nanotubes were attached to the external surface of the ferrite nanoparticles. The investigation of the microwave absorption indicated that with an addition of carbon nanotubes, the real and imaginary parts of permittivity and reflection loss had enhanced to −34.16 dB at a frequency of 14.19 GHz with a bandwidth of 5.72 GHz.
are no ideal materials which could fulfil all these requirements. In this study, microwave absorption and ferromagnetic resonance frequencies of Mg 2+ and Ti 4+ substituted barium hexaferrites were studied for X-band (8) (9) (10) (11) (12) and Ku-band (12-18 GHz) frequencies. The influence of different matching thicknesses on the electromagnetic wave absorption properties of ferrites in polymeric matrix was investigated. Carbon nanotube in polymer matrix is considered a suitable composite for microwave applications because of its high dielectric loss, electromagnetic interference shielding, and microwave absorbing media [4, 5] . Several researches have verified that CNT addition to the composites which contain magnetic materials, can improve the microwave absorption properties [6] [7] [8] [9] as the outstanding properties of CNTs along with barium hexaferrite nanoparticles, barium hexaferrite/CNTs, and nanocomposites are very promising for practical applications. For example, barium ferrite/CNTs can be used in the fabrication of high frequency microwave absorbing nanocomposite and various microwave and radar devices due to its high permeability and permittivity losses. In addition, current works have proven that magnetic nanoparticles could be fabricated using carbon nanotubes as a reserve template, and research has proposed several new microwave absorbing materials. In this study, nanocomposites of ferrite and ferrite/carbon nanotubes were synthesized. The structural, magnetic, and reflection loss characteristics of prepared nanocomposites were then evaluated. Reflection loss evaluations indicate that the nanocomposites display a great potential to be applied as wideband electromagnetic wave absorbers. The present manuscript provides a detailed description of the effects of substitutions and MWCNT addition for absorption loss enhancement. Specifically, extensive experimental data were provided for the analysis in order to observe the improvement in the radar wave material application.
Materials and method
Raw materials used to prepare the stoichiometric mixture were barium carbonate (BaCO 3 ), 99.8% Alfa Aesar, iron oxide (Fe 2 O 3 ), 99.8% Strem Chemicals, magnesium oxide (MgO), 99.95% Alfa Aesar, titanium oxide (TiO 2 ), 99.9% Aldrich Chemical and Multi-walled carbon nanotubes (>95%, OD = 10-20 nm) which were weighed according to the composition formula. M-type barium hexaferrites powder with the basic composition of BaFe 12 O 19 (BHF) was synthesized via high-energy ball milling (HEBM). These powders were later mechanically alloyed using a Spex8000D milling machine with a ball to a powder ratio (BPR) of 10:1 for 6 h of milling time. The alloyed powders were sintered in air at 1300 °C for 1 h. The sintered powders were crushed again for 24 h to obtain fine powders with a wide distribution of particle sizes. In order to prepare the MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) nanocomposites, the pretreated MWCNT was ultrasonically dispersed in 100 ml deionized water for 1 h. Subsequently, the synthesized Mg-Ti substituted barium hexaferrite (MgTBHF) nanoparticles were added to this solution and sonicated for 2 h. The volume percentage of MWCNT in nanocomposite samples was set to 6 wt% in order to evaluate the effects of MWCNT on magnetic and reflection loss properties of nanocomposites. Finally, the nanocomposites samples were dried at 70 °C for 24 h. The composite specimens for the measurement of the microwave absorber properties were prepared by mixing barium hexaferrite powders and resin (Araldite 506 epoxy resin, Sigma Aldrich) in a 70:30 weight ratio. The Araldite epoxy resin consists of CY 212, dodecenyl succinic anhydride, dibutyl phthalate, and 2, 4, 6-tridimethylamine methyl phenol. The powders and the epoxy resin which were prepared according to the required volume concentration were mixed homogeneously, and the mixture was placed into three different sample holders with different thicknesses of 1, 2, and 3 mm. The mixture was dried in an oven at 70 °C for 24 h for the solidification of the epoxy. Tests were then performed to characterize the substituted and unsubstituted hexaferrite inside the polymer matrix using Philips X'pert Diffractometer model 7602 EA Almelo, operating at 40 kV and 40 mA, with CuKα radiation (λ = 0.154 nm). All samples were scanned in 2θ = 20 to 80° at a rate of 2° per minute. FESEM was performed using FEI Nova NanoSEM 230 to obtain the morphology and size of the powder particles of the samples. Magnetization data were taken at room temperature using a LAKE-SHORE 7407 vibrating sample magnetometer (VSM) with applied field range of 10 kOe. The magnetization (emu/g) was calculated from the data collected and the mass of the sample. Electromagnetic and microwave absorbing properties of the prepared samples were performed using N5227A PNA Network Analyzer. The Agilent Technologies 85,071 Materials Measurement software streamlined the process of measuring complex permittivity and permeability with VNA in the frequency range of 8-18 GHz. A measurement using the Transmission/Reflection line method involved placing a sample in a section of waveguide or coaxial line and measuring the two port complex scattering parameters with a vector network analyzer (VNA). However, calibration must be carried out before making the measurement, and the method involves the measurement of the reflected signal (S 11 ). The relevant scattering parameters relate closely to the complex permittivity and permeability of the materials by equations. The conversion of s-parameters to complex dielectric and magnetic parameter was computed by solving the equations using a program.
Results and discussion

Structural and microstructural studies
Figure 1a-c displays the X-ray diffraction (XRD) patterns of synthesized nanocomposites with a composition of unsubstituted, MgTBHF, and MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF). The XRD pattern of corresponding barium hexaferrite nanoparticles has also confirmed the presence of well consistent peaks. The peaks for the substituted barium hexaferrite appeared approximately at the same position, but the unsubstituted ferrite sintered at 1300 °C, with different intensities and is identified with a single phase hexagonal structure of MgTBHF (JCPDS: 98-002-6207) without showing any extra peak other than those observed for the standard M-type hexaferrites. The nanocomposite peaked at 2θ = 23.6°, which was attributed to (002) of MWCNT, indicating that the MWCNT structure was not destroyed after the sonication treatment. Both the diffraction peaks relating to MWCNT and BaMg 0.6 Ti 0.6 Fe 10.8 O 19 appeared in the nanocomposite samples, and no other secondary phase was present in the nanocomposite, which implied that no chemical reaction had occurred between CNT and ferrite. This result showed that the nanocomposite samples have been successfully synthesized. Since the ferrite particles were sintered at a relatively high temperature, the absence of any kind of secondary phases was expected.
The lattice constants (a and c) and cell volume calculated from XRD data analysis are given in Table 1 . The values of both the lattice constants increased with MgTBHF and MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) respectively. This increase was credited to the larger ionic radii of the substituted cations Ti 4+ (0.75 Å) and Mg 2+ (0.72 Å) as compared to that of Fe 3+ (0.69 Å). A considerable change was observed in c-parameter due to anisotropy. The c-axis is an easy axis in hexaferrites, and it is easier to orientate the spin directions along this axis in comparison to other directions. That is the reason for the greater variation observed in parameter 'c' as compared to parameter 'a'. Cell volume had also increased (Table 1) due to an increase in lattice constants (a and c) by following formulas [10] . The lattice parameter ratio (c/a) is a useful parameter to quantify the formation of M-type structure if it is lower than 3.98 [11] . By calculating the values of lattice parameters ratio in the prepared samples, the parameter was found to be in the expected range, which confirmed the M-type hexagonal structure (Table 1) . Figure 2a -c shows the morphology of barium hexaferrite (BHF), MgTBHF and MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) nanoparticles carried out using FESEM. The mean particle size of unsubstituted barium hexaferrite nanoparticles is 182.90 nm, and it is generally in a spherical shape. When it is agglomerated, it is due to its magnetic nature (Fig. 2a) . Figure 2b shows the microstructural image of the MgTBHF nanoparticles. After completing the sintering process, the average particle size was estimated to be around 166.39 nm. In Fig. 2c , the MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) can be seen to have a rather smooth surface with a diameter of about 10 nm. It is also found that the MgTBHF nanoparticles were deposited from MWCNTs with an orderly close-packed arrangement due to the presence of numerous defects and functional groups along the walls and at the ends of the nanotubes, which is formed during previous acidic functionalization process. There are two major driving forces for the deposition of magnetic barium hexaferrite nanoparticles along the sidewall of MWCNTs. One is the tendency to decrease high surface energy, and the other is the presence of dipolar interactions between the magnetic nanoparticles [12] . The size of the substituted nanoparticle samples revealed smaller particles compared to the barium hexaferrite due to the decrease in lattice parameter values. The absorbing properties of the composite could be altered by changing the particle size of the ferrite as each particle has a different shape, anisotropy field and resonance frequency. A more detailed analysis of the chemical composition of the unsubstituted and substituted hexaferrite nanocomposite samples were taken with energy dispersive X-ray (EDX). Results showed that only barium (Ba), oxygen (O), iron (Fe), titanium (Ti), magnesium (Mg), and carbon (C) peaks existed in FESEM view. No other impurities were observed. Figure 3 shows the hysteresis curves for substituted and unsubstituted barium hexaferrite. The saturation magnetization of MgTBHF nanoparticles was about 33.30 emu/g which was less than the value for barium hexaferrite (48.50 emu/g). The difference was related to the substitution of Mg-Ti instead of Fe 3+ cations in the hexagonal structure of barium ferrite as Mg and Ti are nonmagnetic cations. Subsequently, with the substitution of these cations instead of Fe 3+ , the saturation magnetization can be decreased following the reduction of the net magnetic moment of barium hexaferrite. It was clear that the saturation magnetization values of these MgTBHF and MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) samples were lower than that of barium hexaferrite (BHF). The existence of MWCNTs as a nonmagnetic phase, and the strain between ferrite nanoparticles and the surfaces of CNTs were corresponding to the decrease of the saturation magnetization values. As for coercive force (H c ), the values were obviously reduced for both MgTBHF and MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) addition compared to the usual barium hexaferrite (BHF) ( Table 2 ). A high value of H c for unsubstituted hexaferrite was due to the strong uniaxial anisotropy along the c-axis of M-type hexaferrite. The reduction of coercivity in MgTBHF was due to the change of the easy axis of magnetization from the c-axis to the basal plane [13] . The reduction of coercivity value in MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) 
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The frequency dependency of real and imaginary part of complex permittivity of substituted and unsubstituted barium hexaferrite at 2.0 mm thickness could be related to the reduction of some of the surface inhomogenities of ferrite nanoparticles such as porosity. Pores in particular, can provide stress concentration which may affect the direction of magnetization in the crystalline ferrite. This could also be related to the surface pinning of the magnetic moment. The surface magnetic anisotropy of nanoparticles could be reduced in the interface of CNTs and nanoparticles which may lead to the decrease of coercivity [14] .
Electromagnetic studies
The real and imaginary part of permeability (μ′, μ″) and complex permittivity (ε′, ε″) are very important in the discussion of microwave absorption of an absorber. The absorption ability of each and every microwave absorber is based on the two capabilities of the absorber. One is the storing of energy, and the other is the dissipation of energy. The imaginary part of relative complex permittivity and permeability designates the amount of energy dissipated. The amount of energy that has been stored in a material can be attributed to the real part of the relative complex permittivity and permeability. Figure 4 shows the spectra of the complex permeability of substituted and unsubstituted samples along with MWCNT addition. In general, the real permeability values for unsubstituted, MgTBHF, and MWCNT addition have an average value from 0.8 to 1.4. The peak of the imaginary part, μ′′, occurred at 13 GHz for MgTBHF samples and decreased for the rest of the frequencies. The resonance frequency of MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) sample shifted to an earlier frequency of 11 GHz. Figure 5 shows the spectra of the complex permittivity of substituted and unsubstituted samples along with MWCNT addition. The imaginary part of the permittivity was relatively small, around 0.5-1.5. The real part was enhanced from 7.0 to 10 with MWCNT addition in the MgTBHF samples over the frequency range of 8-18 GHz.
Microwave absorption studies
Reflection loss (RL) occurs on a line which results in part of the energy being reflected back to the source. This could occur at a discontinuity or impedance mismatch, for example, in a transmission line, the ratio of the incident power to the reflected power. Reflection loss is usually expressed in the unit of decibel (dB). The reflection loss equation is shown in Eq. (1) below. According to the transmission line theory, the reflection loss (RL) of electromagnetic wave, under perpendicular wave incidence in the case of metal-back single layer, is given by [10] ;
(1)
where Z 0 is the normalized impedance of free space, and Z in is the input impedance at free space and material interface [15] ;
where μ r ′ and ɛ r ′ are the complex permeability and permittivity of the composite medium, c is the velocity of light in free space, f is the frequency, and d is the thickness of the absorber. The impedance matching condition is given by Z in = 1 to represent the perfect absorbing properties. The impedance matching condition is given by Z 0 = Z in to represent the perfect absorbing properties. The minimum absorber thickness and the frequency in the matching situation are defined as matching thickness (d m ) and matching frequency (f m ), respectively. When the thickness of absorber is equal to one quarter of wavelength, as given by Eq. (3), the wave reflected at the air-absorber interface is out of phase with the wave reflected at absorber-metal interface:
where λ a is the wavelength distaumnce inside the absorber, and, f 0 is the free space frequency of incident wave. The loss is calculated for different thicknesses to obtain the optimum thickness (t m ), which shows the maximum absorption. The most interesting feature in the substituted samples is that the peaks of absorption curves shift to higher frequency with decreasing sample thickness (Table 3 ). Figure 6a shows the reflection loss of barium hexaferrite (BHF) at different thicknesses of 1.0, 2.0, and 3.0 mm, respectively. When d = 1.0 mm, the maximum reflection loss is approximately −2.08 dB at a frequency of (Table 3 ). It is clear that two resonance frequencies have appeared at the thickness of 2.0 mm. This dispersion is due to the domain wall motion at the lower frequency and spin resonance at the higher frequency [11] . Figure 6c shows the reflection loss of MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) at different thicknesses of 1.0, 2.0, and 3.0 mm, respectively. When d = 1.0 mm, the maximum reflection loss is approximately −11.37 dB at a frequency of 18.00 GHz, with a bandwidth of 0.21 GHz. When d = 2.0 mm, the maximum reflection loss is approximately −34.16 dB at a frequency of 14.19 GHz, with a bandwidth of 5.72 GHz. When d = 3.0 mm, the maximum reflection loss is approximately −9.21 dB at a frequency of 8.00 GHz, with a bandwidth of 0 GHz (Table 3) . Subsequently, the microwave absorption properties of MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTC-NTBHF) nanocomposite samples have improved due to the better matches between magnetic loss and dielectric loss of material.
Conclusion
The crystal structure of MgTBHF synthesized by mechanical alloying has been confirmed to have hexagonal M-type phase. The absorbing properties of the composite can be altered by changing the particle size of ferrite as each particle has a different shape, anisotropy field, and resonance frequency. Wide distributions of particle sizes will also result in wide band absorption which is required in this research. Field emission scanning electron microscopy micrographs revealed that MWCNTs were covered with substituted ferrites. Based on the experimental results, it was found that Mg-Ti substitution and MWCNT addition will result in the decrease in the values of saturation magnetization and coercivity. In addition, the values of the real parts of permittivity were enhanced with CNT addition. MgTBHF exhibited excellent microwave absorption properties of wide bandwidth and strong loss over the frequency range of 8-18 GHz. The Mg-Ti substitution will greatly influence the absorption properties of MgTBHF. The reflection loss peak exhibited the characteristics of a maximum loss of −28.83 dB at a frequency of 15.57 GHz, with an effective bandwidth of 6.43 GHz for losses less than −10 dB when the thickness of the sample was 2.0 mm. Based on reflection measurements, the MWCNT addition to Mg-Ti substituted barium hexaferrite (MgTCNTBHF) nanocomposite samples showed better reflection loss property than that of MgTBHF. The reflection loss value was enhanced to −34.16 dB.
